This paper explores whether fundamental differences exist between urban and rural vulnerability to climate-induced changes in the fire regime of interior Alaska. We further examine how communities and fire managers have responded to these changes and what additional adaptations could be put in place. We engage a variety of social science methods, including demographic analysis, semi-structured interviews, surveys, workshops and observations of public meetings. This work is part of an interdisciplinary study of feedback and interactions between climate, vegetation, fire and human components of the Boreal forest social-ecological system of interior Alaska. We have learned that although urban and rural communities in interior Alaska face similar increased exposure to wildfire as a result of climate change, important differences exist in their sensitivity to these biophysical, climate-induced changes. In particular, reliance on wild foods, delayed suppression response, financial resources and institutional connections vary between urban and rural communities. These differences depend largely on social, economic and institutional factors, and are not necessarily related to biophysical climate impacts per se. Fire management and suppression action motivated by political, economic or other pressures can serve as unintentional or indirect adaptation to climate change. However, this indirect response alone may not sufficiently reduce vulnerability to a changing fire regime. More deliberate and strategic responses may be required, given the magnitude of the expected climate change and the likelihood of an intensification of the fire regime in interior Alaska.
subdivision that was evacuated several times. The area burned in 2005 was the third largest on record, at 1 907 021 ha. The average annual total area burned is 370 294 ha, yet there is high interannual variability (Ϯ562 826 ha, SD). During the 2004 fire season, the air quality in Fairbanks exceeded the US Environmental Protection Agency's highest danger rating of "hazardous" (over 250 mg m -3 for a 24-h average) for a total of 15 days (AMQA 2004) . With the impacts of climate change amplified in northern latitudes, warmer temperatures and drier fuels are expected to increase the frequency of extreme fire seasons across most of the North American Boreal forest (Duffy et al. 2005; Flannigan et al. 2005; Symon et al. 2005; Flannigan et al. 2006 ; Kasischke et al. 2006) . Under changing climate conditions, the average area burned per year in Alaska is projected to double by the middle of this century (Balshi et al. 2008) . By the end of this century, fire is projected to triple in Alaska under a moderate greenhouse gas emissions scenario, and to quadruple under a high emissions scenario.
From the perspective of human dimensions of global change, it is important to understand how a changing fire regime will impact urban and rural communities in Alaska, and to consider how communities can respond proactively, rather than be disadvantaged by projected changes in the fire regime. This will provide essential information to managers and decision makers in planning, preparing, and focusing resources for adaptation and response to climate change. We employ an interdisciplinary approach to assess the vulnerability of urban and rural communities in interior Alaska to climaterelated fire impacts, by comparing the constituent parts of vulnerability: exposure, sensitivity and adaptive capacity. Our results underscore the variable vulnerabilities of different populations to climate change, and highlight how this variability is influenced by public perception and institutional barriers.
Background and conceptual approach
Wildfire in Alaska occurs primarily in the interior Boreal forest, north of the Alaska Range and south of the Brooks Range (Fig. 1) . These forests are composed of early successional birch and aspen and late successional, highly flammable black spruce and white spruce, with typical fire-return intervals of 50 to 200 years (Fastie et al. 2002) . Fire is the dominant ecological disturbance in Alaska's Boreal forest, and plays an important ecological role in nutrient cycling and moisture availability . In addition, the fire-initiated succession from dark, absorptive spruce to light, reflective deciduous forest is one of the few regional negative feedback mechanisms to climate warming Randerson et al. 2006) .
In contrast to their counterparts in the lower 48 states, fire suppression agencies and fire managers in Alaska have historically had neither the financial nor the labour resources necessary to implement a full fire suppression policy. As a result, an innovative fire management policy has evolved in Alaska that focuses suppression resources on population centres and areas of high value at risk (Todd & Jewkes 2006; Calef et al. 2008) . In unpopulated areas with low-value areas at risk, fires are monitored, and suppression action is limited.
The developing field of climate change vulnerability studies has its roots in the arenas of natural hazards, food security and climate change (Kelly & Adger 2000) . Our analysis builds on the concepts of vulnerability and adaptation as they are established and used by the Intergovernmental Panel on Climate Change (IPCC), modified to include the larger social-ecological system and nonclimate stressors (Box 1). We include a consideration of non-climate stressors because institutional, economic, social and cultural conditions are important determinants of vulnerability and adaptive capacity (Adger & Kelly 1999; Kelly & Adger 2000; ; O'Brien, Leichenko et al. 2004; O'Brien, Sygna et al. 2004 ). These definitions represent a scientific consensus developed over several years of research and collaboration. They are specific to and have been developed in the context of climate change and variation, yet are conceptually well corroborated in an external, long-standing tradition of risk-and-natural-hazards literature Fussel & Klein 2006; IPCC 2007) . In this paper we explicitly consider the coupled socialecological system, including feedback and interactions among climate, vegetation, fire regime, fire policy and communities, with special attention paid to the interactions between and among global, national, regional and local scales ( Fig. 2) Chapin et al. 2003; Calef et al. 2008) .
Box 1. Definitions of concepts based on those of the Intergovernmental Panel on Climate Change (IPCC 2007) and Fussel & Klein (2006) , and modified to include the social-ecological system and non-climate stressors Vulnerability is the degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change and non-climate stressors . . . Vulnerability is a function of the character, magnitude and rate of climate change . . . or non-climate stressors to which a system is exposed, its sensitivity and its adaptive capacity (modified from IPCC 2007). In short, V = fn(E, S, AC), where V is vulnerability, E is exposure, S is sensitivity and AC is adaptive capacity.
Exposure is the nature and degree to which a system is exposed to a biophysical hazard or stressor, and related economic and social stressors (modified from Fussel & Klein 2006) . Sensitivity is the degree to which a system is affected, either adversely or beneficially, by climate-related or other stimuli (modified from Fussel & Klein 2006) .
Adaptation is adjustments in coupled socialecological systems in response to actual orexpected climatic or non-climatic stimuli, or their effects, which moderate harm or exploit beneficial opportunities (modified from Fussel & Klein 2006) .
Adaptive capacity is the ability of a system to adjust to climatic or non-climatic change, to moderate potential damage, to take advantage of opportunities, or to cope with the consequences (modified from IPCC 2007).
Over the past decade, there have been a number of efforts to outline a framework for vulnerability assessment, and to characterize vulnerability and its related constituents, adaptive capacity and adaptation in relation to environmental change, and climate change in particular (Adger & Kelly 1999; Smit et al. 2000; Ford & Smit 2004; Keskitalo 2004; Luers 2005; Schroter et al. 2005) . We conceptualize vulnerability as the function of exposure, sensitivity and the dynamic capacity of the system to adapt to change (Box 1).
Adaptive capacity has been defined as the means by which a community can adapt to the social and natural environment, as well as to actively modify it (Berkes & Folke 1994; Hanna et al. 1996; Holling et al. 1998) . Consistent with the definition employed by Honigman (1983: 150) , adaptive capacity is a process whereby communities act to seize opportunities and resources available in both the social and physical environments. It is the problem solving mechanisms in human behaviour that facilitates a dynamic approach to environmental interaction. The term "adaptive capital" has also been used to describe this capacity, but as Berkes & Folke (1994) have noted, the use of adaptive capital fails to adequately describe a group's potential to not only adapt to, but also actively modify, its social and ecological setting. Adaptive capacity also includes the locally evolved knowledge base used by community members, and the worldview and ethics that underpin a community's social structure (Holling et al. 1998: 349) . Thus, the concept of adaptive capacity extends beyond the biological realm to include behaviour that is subject to interpretation by cultural values, including a judgmental dimension, in addition to the survival or needs-satisfying functions (Bennett 1996) . This includes qualities that can be found in operation in any dimension, Urban and rural vulnerability to fire in Alaska S.F. Trainor et al. including: demography, social organization, economy, technology and cultural values. Polsky et al. (2007) noted that the process of vulnerability assessment is iterative, not linear. They outlined a framework for vulnerability analysis that they call the vulnerability scoping diagram, which can be utilized for case-study comparisons, even when measured and qualitative parameters vary.
Complete vulnerability assessments covering a range of steps including modelling, measuring indicators and operationalizing, as outlined by and Schroter et al. (2005) , are difficult to accomplish by a single research team working within the confines of a typical funding cycle, and must be adapted to suit the particular project and system in question . Nelson et al. (2007) describe the benefits of conceptualizing and analysing adaptation and adaptive capacity within a resilience framework, noting the ways in which adaptation measures may provide immediate risk reduction, yet reduce overall system resilience in the longer term. They argue that it is therefore, "incumbent on decision-makers and citizens to outline acceptable levels of vulnerability, who will be vulnerable, and to what type of events" (Nelson et al. 2007: 408) . They highlight the significance of "management abilities and the role of governance and institutions" (Nelson et al. 2007: 408) in increasing resilience and decreasing vulnerability, and underscore the importance of institutional structure and function in resilience to environmental change (Dietz et al. 2003) .
Keskitalo suggests that vulnerability is "a composite concept, incorporating environmental, social, economic, political, cultural and psychological factors" (Keskitalo 2004: 429) . She advocates an "extended stakeholder analysis" incorporating: stakeholder perceptions; institutional structures, communications and cross-scale interactions; and qualitative, ethnographic data collection and analysis (Keskitalo 2004: 431) . emphasize the importance of conceptualizing and analysing a coupled socialecological system in vulnerability assessment, with case studies in Ummannaq, Greenland and Finnmark, Norway. Their work highlights the importance of feedback and interactions between biophysical change (climate variability and change, and linked ecological changes) and social, economic, technological and institutional and policy changes, noting the importance of this work to the emerging field of sustainability science (Clark & Dickson 2003 ). An important component of the Arctic climate impact assessment (McCarthy & Martello 2005) emphasizes that assessment of human vulnerability to climate change in the Arctic must consider social, institutional, economic and biophysical components, as well as community dynamics and local knowledge and values. Communities face stressors and change in each of these components in addition to the biophysical aspects of climate change. Forbes (2008) underscores the importance of equity considerations in adaptation to climate change in conjunction with significant land-use change in the North (for a discussion of equity issues in adaptation to climate change, see also Thomas & Twyman 2005) . In vulnerability research on the resource harvesting sector of Inuit communities in Nunavut, Ford and co-workers emphasize the significance of continuing intergenerational knowledge transfer in cultural tradition and food harvesting skills, enhancement of social networks, flexibility and institutional support (Ford, MacDonald et al. 2006; Ford et al. 2007; Ford et al. 2008) .
This paper compares the biophysical exposure, the social, cultural and economic sensitivity, and the adaptive capacity of the dominant urban population centre in interior Alaska, with that of rural, predominantly Alaska Native, communities.
Methods and approach
This paper synthesizes results from an interdisciplinary project that took a systems perspective in analysing the coupled human-fire social-ecological system of the Boreal forest of Alaska Chapin et al. 2003; Calef et al. 2008 ). We take a general case study approach (Yin 2003) , which allows for comparative analysis of quantitative and qualitative data over multiple parameters, including demographic, economic, institutional and social conditions in urban and rural communities. A diverse range of social science methods, outlined below, were employed to conduct a comparative assessment of urban and rural vulnerability to the anticipated changes in the fire regime resulting from a warming climate. Methods and results specific to the feedback between climate and wildfire regime are available in previous publications (Rupp et al. 2000; Duffy et al. 2005; Rupp et al. 2006; Rupp et al. 2007) .
We focus our inquiry on interior Alaska, because historically most of the fire activity in Alaska has occurred in this region (Fig. 1) . However, because of the similarity in demographic features, road access, population growth and fire management institutions, conclusions here for urban areas would also apply in south-central Alaska, including Anchorage, the Matanuska-Susitna Valley and the Kenai Peninsula, where the wildland-urban interface is expanding and fire risk has increased as a result of the large-scale, climate-related insect-caused mortality of white spruce forests.
In order to compare urban and rural demographic features, we report both population and income data collected from the 2000 US census. Straightforward comparisons are made between Fairbanks and the Fairbanks North Star Borough (urban), and the Koyukon Athabascan community of Huslia and the Yukon-Koyukuk Census District (rural) that covers the bulk of rural interior Alaska (Fig. 1) (US Census Bureau 2000) . These regions and communities were selected to provide urban and rural examples based, in part, on access and the experience of the research team. Fairbanks was selected because it is the largest population centre in interior Alaska. With projected continued population growth, it has high potential exposure to environmental change. Although the majority of rural, native communities in interior Alaska are Athabascan, each community has a unique constellation of subcultural heritage (Koyukon, Gwit'chin, Ahtna and Tanana, etc.), local ecosystem features (upland, lowland, forest, bog and tundra), reliance on subsistence foods (various fish species, moose, caribou, small mammals and birds), political and social strengths and challenges, and leadership for fire and hazardous-fuel related projects (Scott et al. 2001 ). Huslia was selected as an example of a rural community because several members of the research team are current or former residents, and therefore have relationships with community members that helped to facilitate the completion of the research in accordance with the accepted practice of ethical research in Northern communities (National Science Foundation 2008) .
Data on federal-, state-and regional-scale institutional parameters, including communication and collaboration between state and federal agencies, the history and structure of Alaskan fire policy and fire suppression activities in a national context, economic and fiscal constraints in fire suppression, and procedural aspects of urban hazard fuel reduction were collected via semi-structured interview, focus group, observation, survey and workshop. Twenty-six semi-structured, in-person, key-informant interviews, and one focus group with 12 participants, were conducted with leaders and professionals in state and local fire management and suppression, including: the regional director of the state Division of Forestry; the director of the Bureau of Land Management (BLM) Alaska Fire Service; fire management officers and fire ecologists for the BLM, the state Division of Forestry and the US Fish and Wildlife Service; and managers and key personnel in the Alaska Interagency Coordination Center.
During and after the record-breaking 2004 fire season, we observed incident command operations, public informational briefings, and post-fire public meetings. Field notes of observations were recorded by hand, and electronic summaries were written and reviewed for consistency and content. These observations provided data on local-scale fire impacts, communication between fire managers, fire suppression agencies and the public, and urban social psychology related to fire risk.
Data on local, rural social psychology, and cultural norms related to wildfire and related risk, institutional structures and communication between federal and local-scale fire management, and operational details of implementing rural hazard fuel reduction projects were collected at two workshops held in Huslia, Alaska, a rural, mostly Athabascan, community of about 300 people, on the Koyukuk River. Participants in these workshops included elders and representatives from Huslia and other villages (including Kobuk, Allakaket, Hughes, Galena, Kotzebue, Noatak and Nikoli), teachers and students at the Huslia high school, state and federal fire managers, climatologists and members of the research team. The first workshop included discussion of fire in the larger context of local observations and experience of climate change. The second workshop was devoted to discussion of local knowledge about wildfire and fire management, and to discussion of the advantages and disadvantages of hazard fuel-reduction projects surrounding rural villages. This second workshop included a field trip in which experienced representatives from federal agencies and the regional native non-profit organization, Tanana Chiefs Conference, described fuel-reduction projects in specific locations, such as the cemetery and the fuelstorage tank farm. Workshops were recorded, handwritten notes were taken, and workshop summary reports were written and provided to tribal leaders. Notes and summaries were coded by theme. See Huntington et al. (2006) for a detailed analysis of the workshop content.
In order to evaluate economic stressors on rural communities, and the economic and social component of fire-fighting employment in both rural and urban communities, we administered in-person written surveys (n = 35), and conducted semi-structured interviews (n = 9) with emergency fire-fighting (EFF) crew members, crew bosses and crew boss trainees. Survey questions covered EFF employment history, the role of EFF employment in household and community economy, and demographic information. Surveys were analysed using descriptive statistics (Fink & Kosecoff 1998) . Informants were selected via snowball sampling (Bernard 1995; Holstein & Gubrium 1995) . All interviews were recorded, summarized in electronic form and coded by theme. See Trainor (2006) for a report of survey results.
Our research design and approach thus satisfies key criteria for vulnerability assessment Schroter et al. 2005) . We draw from a diverse, flexible, interdisciplinary team with a strong local knowl-edge base. We conducted a place-based analysis with explicit attention to nested scales, cross-scale interactions and differential variability. We explicitly include multiple, interacting social and biophysical stressors and drivers of change, as well as institutional analysis in both vulnerability adaptive capacity assessments. We consider the exposure and sensitivity of the coupled social-ecological system in the context of directional climate, social and economic changes, and link prospective models of the human-climate-fire system with historical and archival analysis of indigenous use of fire on the landscape.
Results

Biophysical change
Climate-related changes in the fire regime can be expected to similarly impact urban and rural communities. Model projections show an increased frequency of extreme fire seasons with climate change (Flannigan et al. 2005; Symon et al. 2005) . Duffy et al. (2005) have demonstrated a strong link between summer temperatures, monthly weather and atmospheric teleconnection indices, and the area burned. Specifically, the June temperature alone explains about one-third of the interannual variability in the area burned in Alaska.
Fire is a significant ecological disturbance in the Boreal forest of Alaska. By altering stand composition from dark, heat-absorbing black spruce to light, reflective birch and aspen, wildfire alters surface reflectivity, or albedo. In this way, fire-induced vegetation changes are one of the few regional-scale negative feedback mechanisms countering climate warming at high latitudes Chapin et al. 2005; McGuire et al. 2006 ). However, this regional cooling effect is not strong enough to counteract the overall warming and drying trends.
Thus, we expect to see an overall increase in annual area burned in interior Alaska as a result of climate warming (Balshi et al. 2008 ). This will increase the probability of multiple fires occurring simultaneously, creating competing demand for fire suppression resources (equipment, personnel, etc.).
Demographics and economic conditions
We focus our analysis on two locations in interior Alaska, one urban and one rural, analysing demographic features on both community and borough (county equivalent) scales. Fairbanks is the urban hub of interior Alaska, located in the central Tanana Valley within the Fairbanks North Star Borough, and is situated at the nexus of four paved roads on Alaska's limited road network ( decade of the 1990s, supplying 10% of the required protein and 1% of the required calories for the regional population (Table 2 ). In contrast, the rural Koyukon Athabascan community of Huslia is located in the north-west interior, on the Koyukuk River. It has a population of 293, of which 94% are Alaska Native and 4% are white. The land area is 42 km 2 , with a population density of 7 persons per km 2 . Like many rural villages in Alaska, Huslia is accessible only by river (barge or boat in the summer, snowmobile in the winter) or air. The 88 households in Huslia have a median household income of 27 000 USD, and a per capita money income of 10 980 USD; 28.1% of the population below federal poverty standards. As is most of rural interior Alaska, Huslia is located in the Yukon-Koyukuk Census District (YKCD), which has a total population of 6550, with 70% being Alaska Native and 27% white. In the period from April 2000 to July 2006, the YKCD had a negative population change of nearly 11%. The land area is 377 900 km 2 , with a population density of <1 person per km 2 . The 2300 households in the YKCD have a median household income of 30 900 USD, and a per capita money income of 13 700 USD; 18.4% of the population live below the poverty line (Table 1 ). In the 1990s, wild food harvest in the Alaska Department of Fish and Game rural interior region, which includes Huslia, and most of the rural interior Alaska, was 276 kg per person per year, providing 396% of the US recommended daily allowance (USRDA) of protein, and 57% of the USRDA of calories, an order of magnitude larger than in the Fairbanks region (Table 2) .
In summary, the urban area of Fairbanks and vicinity has an order of magnitude greater population and household densities, one and a half times the median household income, and nearly twice the per capita money income than Huslia, and the rural interior. The rural interior has an order of magnitude greater percentage of Alaska Native population, an order of magnitude greater land area and more than double the percentage of persons below the poverty line than in urban Fairbanks and vicinity. In contrast to a 14% population increase in the urban interior, the rural interior of Alaska lost over 10% of its population from 2000 to 2006 (based on US census estimates). Additionally, the wild food harvest in the rural interior is an order of magnitude greater per capita, and meets an order of magnitude greater percentage of protein and calorie requirements than in the urban interior. Table 3 outlines the institutional relationships and lines of communication in wildfire management. Locally, the Fairbanks City government is a single point of contact, whereas rural native villages typically have both city and tribal governing bodies. Similarly, whereas the FNSB is a single point of contact on a regional scale, the rural interior has no centralized regional governmental entity. Unlike the predominantly non-native urban area, rural native villages in interior Alaska are served by a regional native non-profit organization, known as the Tanana Chiefs Conference, and the Bureau of Indian Affairs. In addition to serving health, employment, family services and other community needs, the Tanana Chiefs Conference has a forestry division, and a dedicated community forestry liaison who works with communities to implement hazard fuel reduction projects. There is also a dedicated Bureau of Indian Affairs representative for fire management and employment-related issues.
Organizational structure and institutional relationships
As there are large areas of fire-prone Boreal forest, and limited financial and personnel resources, fire suppression actions in Alaska, unlike other states in the US, occur according to pre-determined management options on a continuum from full to limited suppression (see Calef et al. 2008) . Management options, and therefore the level of fire suppression action, are determined by the landowner, with the state Division of Forestry assigning management options for privately owned lands (Division of Forestry 1998).
People living in rural villages rely on land areas that extend well beyond the village site limits for hunting, fishing and gathering wild foods such as moose, caribou and various fish species. In Huslia, and throughout the majority of the YKCD, this land is managed by the US Fish and Wildlife Service, the BLM or the state of Alaska (Table 4) . Thus, although the nutritional needs of local people are closely linked to ecosystem characteristics that are impacted by wildfire (i.e., habitat for wild foods), the decisions about fire suppression and management are made by federal and state agency personnel, according to their agency's priorities and mission, which may or may not align with local knowledge and preferences (interview with D. Hansen, 19 November 2003) . As Orville Huntington of Huslia explained, "the people on the ground feel that they're regulated by a higher power", With its centralized local and regional governing bodies, and organizational structure, the FNSB has a more direct relationship between local and regional governance and fire management. However, a significant issue during the extreme fire season of 2004 was the lack of communication between fire managers, the public, local relief organizations and local government (Public Meeting, November 2004; Alaska Wildland Fire Coordinating Group 2006) . 
Public attitudes and perceptions of fire
Public attitudes, perceptions and expectations of wildfire, and local, state and federal fire suppression agencies, affect the sensitivity to wildfire (Grothmann & Patt 2005) . In Alaska, populated areas with high potential for loss of life and property (such as cities, suburbia, exurbia and rural villages) receive full suppression. However, in FNSB there are private cabins and secondary residences that are located in areas that receive less than full suppression. Although landowners are notified of this reduced suppression status upon purchase of the land, expressions of frustration and anger were common during the 2004 fire season.
The public sentiment expressed at a public meeting in Fairbanks following the record-breaking 2004 fire season (November 2004) balanced outrage that state and federal fire managers did not control the fire, with frustration that private landowners needed to take more personal responsibility for fire-risk reduction on their property. Although fire managers explained that decisions were made at the time with the best available information, and that fire suppression sustained over decades will eventually create greater risk, community members who had lost property in the fire were hostile and critical of fire management decisions, voicing the assumption that state and federal fire managers can and should control all fire, and protect all property, for example:
Not in my lifetime will I see any benefits from fire on the back of Haystack Mountain. When families and homes are threatened, I don't buy that the ecosystem is more important. It seems that the state has been asleep at the wheel. (Fairbanks public meeting participant) Yet other members of the public rebutted this view, expressing the need for people to take personal responsibility for their property:
People who decide to build in a no-protection area need to take responsibility. We need to take personal responsibility . . . Alaskans are famous for not being willing to pay taxes for resources we need.
(Fairbanks public meeting participant) These sentiments are congruent with research results elsewhere in the US, which show that people who experience wildfire tend to place causal responsibility for the damage on fire management agencies or on nature (Kumagai 2004) , and that public response to wildfire is strongly mediated by emotional response and problem framing (Arvi et al. 2006 ).
In the rural interior, attitudes and perceptions of fire vary with the geographic distribution and proximity of past fires, and with the local history of fire use to manipulate landscape features (Natcher, Calef et al. 2007 ). In Huslia, we observed ambiguous attitudes towards fire. The smoke carries health hazards, and fires create hazardous winter travel conditions because of blowdowns in burned areas; wildfire is destructive of property, birds and other animals. Yet, fire generates important household income through EFF (Huntington et al. 2006; Trainor 2006; interview with B. Lambrecht, 5 March 2004) . Whereas the federal and state wildlife management agencies often consider fire as beneficial for moose habitat, Huslia elder Catherine Attla explained that, "fire is not good for Native people". Promoting fire as being good for the ecosystem "is the wrong thing to say to the land" (C. Attla, Huslia Workshop, January 2004).
For many in rural communities, fire equates to employment on EFF crews. Although EFF income is a relatively small proportion of the overall village-scale income, EFF work is one of the few jobs available to young rural adults, and is very important on an individual and household basis (Trainor 2006) . There are also non-monetary benefits to EFF employment. EFF workers cite the benefits of intergenerational mentoring (crews often employ people from multiple generations, typically with elders as crew bosses), the building of team work and the teaching of employment skills, as the following two quotations from Huslia residents illustrate.
When whole crew goes out, 16 checks come in. Everyone walks around with a smile on their face. There is lots of money in town. The cost of living is going up quickly. When there are no jobs, everybody is in a down mood and they are hard to get along with.
[EFF work] boosts the economy. When we go out together, it brings people closer together . . . It teaches responsibility to younger guys. It teaches how to have a job, what's expected in a job, for example, arriving on time, completing a task/assignment, and filling out a time card. (Survey respondent) Conversely, however, the relatively large influx of money from EFF work can be problematic in small rural villages. One participant in the Huslia fire workshop explained:
Fire-fighting provides income, which is good, but that also contributes to alcoholism, drug abuse, child neglect and kids ending up in foster homes. Not every fire fighter uses their wages to pay their bills or pay for gas. This is a catch-22 because food is scarce so people have to go farther and farther and its getting harder and harder to feed families. (Huslia workshop participant)
These sentiments illustrate ambiguity in rural public attitudes and perception regarding fire and fire management. Further ambiguity in rural attitudes towards fire relates to the inherent threat to life and property, and the ecological consequences. Although fire fighting provides important employment and income, Huslia residents are concerned about their losses to fire, and the impacts on birds, small game, fish, muskrat, beaver, mink, marten and other animals.
One year they let fires burn for moose [habitat] and [some people] lost two trapping cabins . . . The BLM gave these people a permit to rebuild the cabin, which they did, but they lost the contents including fish traps, snowshoes and a heater stove . . . When they burn for moose [habitat enhancement], they don't think about the small animals like beaver. [I am concerned about] ashes from fires getting into the lakes and sloughs and the affect on fish and water games like muskrat, beaver and mink.
(Summary of interview with C. Attla, 9 March 2004) Rose explained that "fire burned here naturally". Yet, she was concerned that "all the little games burned up" in fires: the ducks, muskrats and geese. She worried that the eggs of waterfowl also burn up in fires. She explained that fire fighters have come back from fires and told her that they have seen burnt eggs. She continued that rabbits, spruce hens and other fur-bearers used to be around, but that "fires being allowed to burn has destroyed the games" (summary of interview with R. Ambrose, 8 March 2004) .
Research on perspectives and attitudes towards fire in rural Alaska Native villages must pay careful attention to cultural and historical context and epistemology. As Huntington et al. (2006) explain, comments such as "we hate fire" can have multiple meanings. Fire is a powerful force of nature. More than once in our discussions with Huslia residents about fire, our inquiries about fire were rebutted with phrases like, "there are some things you just don't talk about" (anonymous). As Natcher, Huntington et al. (2007) further argue, research inquiry to assess attitudes and perception in "what if" scenarios should be very carefully employed and interpreted in rural Alaska Native villages. Table 5 summarizes the actions that state and federal fire mangers have taken, in some cases in close collaboration with communities, to reduce fire exposure and sensitivity in interior Alaska. These changes have occurred in response to policy, management, financial and resource pressures, and not necessarily as a conscious or deliberate adaptation to climate-induced changes in the fire regime. They demonstrate flexibility and adaptive learning by fire managers.
Existing response and adaptation to a changing fire regime
Landscape-scale risk assessments and community-scale fuel management programmes are important adaptive measures that have been implemented to assess fire impacts on wild food subsistence resources, and reduce community fire risk. These programmes have occurred in both urban and rural areas, and include a geographic information system (GIS) catalogue of resources at risk, tree thinning, the removal of trees and other vegetative fuels in the form of fire breaks on a community perimeter, and in some cases prescribed burns. Throughout the state, projects have been managed and sponsored by Resources. Especially in rural areas, these projects provide important employment opportunities, and represent cooperation between state/federal agencies and communities. These programmes take advantage of available federal funding to reduce wildfire risk, and have not necessarily been implemented in direct or deliberate response to knowledge of climate-related changes in the fire regime. However, the protection they provide will help reduce sensitivity to these changes.
Strategically directing suppression resources towards structure protection, rather than attempting to control fire movement, is another fire management action that demonstrates flexibility and the capacity to adapt to environmental, economic and policy constraints. Wildfire is more easily extinguished or controlled early, when it covers a relatively small area (DeWilde 2003) . Once a wildfire has reached a critical size it is much more effective, and resource-efficient, to focus water pumps and suppression labour resources directly on protecting specific structures or values at risk, than to attempt to control the fire per se. This fire suppression strategy, which illustrates the capacity for learning and innovation, has evolved in Alaska in response to large land areas and limited suppression resources, yet it is also an effective way to protect life and property with the increasing exposure to fire resulting from climate change (interview with C. Maisch, 30 April 2004) .
The Alaska Interagency Wildland Fire Management Plan sets out a continuum of fire management strategies from full suppression to limited suppression (Division of Forestry 1998; Calef et al. 2008 ). This innovative policy was established in order to protect life and property over a vast geographic area, while taking best advantage of limited fire suppression resources. The fire management option for any parcel of land is determined by the landowner (e.g., the BLM, National Park Service, US Fish and Wildlife Service, Native Corporation or the state Division of Forestry, for private property). Fire management classifications are revised annually to update values at risk and the habitat enhancement values of fire (e.g., new development/structures, long-term benefits for moose browse). This annual re-evaluation of fire suppression management options demonstrates how fire policy and management in Alaska has a built-in adaptive feature to re-assess the degree of fire suppression on any give parcel of land, based on new development and/or evolving land management values and strategies (interview with Chris Another adaptive response to an increasingly active fire regime has been community involvement in a federal Firewise programme. This is an established, nation-wide, multi-agency programme for homeowner and community action to reduce fire risk on private property (National Fire Protection Association 2008). Implementing Firewise programmes and initiating similar community-scale fuel reduction projects can decrease exposure to climate-induced changes in the fire regime. 
Discussion
How does vulnerability to a changing fire regime compare between urban and rural communities in interior Alaska? In what ways do exposure, sensitivity and adaptive capacity differ between these types of communities? Table 6 summarizes this comparison.
Exposure
Exposure to fire risk in the human-climate-fire system of interior Alaska is largely governed by the biophysical impacts of climate change, coupled with demographic and economic features. Overall, we can expect the biophysical impacts of climate change to increase exposure comparably in both urban and rural communities.
However, demographic and economic dynamics differ between the two types of communities. As noted above, from April 2000 to July 2006, the population in FNSB increased by 14.4%, and the population in YKCD decreased by 10.9% (Table 1 ). In addition, state land disposal policies and a current lack of zoning restrictions have increased the number of remote cabins in inaccessible, fire-prone areas (Juneau Bureau 2004) . If population growth and exurban sprawl continues on its current trajectory, then the wildland-urban interface will expand considerably, increasing the overall exposure to and initiation of fire, in both urban and suburban areas . With fewer people affected, population decrease in rural areas diminishes exposure (Table 6 ).
The reliance on wild foods in rural communities is another element of exposure. Rural communities harvest two orders of magnitude more wild foods per capita, and derive an order-of-magnitude greater proportion of protein and caloric intake from these foods than do interior urban dwellers. Rural residents of interior communities rely on wild game to feed their families and to maintain cultural traditions. These people now live in fixed communities and no longer move across the landscape following game (Natcher, Calef et al. 2007) . Compared with analogous impacts on urban-based recreational hunters, rural communities are thus more sensitive to wildfire, as it affects both land and animals.
In addition, largely because of game availability, which is influenced by topography, vegetation and disturbance history, some communities are more reliant on moose to fulfil protein requirements, whereas others rely more heavily on caribou ). This results in disparate vulnerability to fire risk among rural communities, because habitat for moose and caribou are differentially impacted by wildfire. Whereas prime moose forage (willow [Salix spp.]) can be expected to regenerate approximately 10-15 years post-fire, caribou forage (caribou lichen [Cladonia spp.]) will not regenerate until nearly a century post-fire (Huntington et al. 2006; Rupp et al. 2006; Natcher, Calef et al. 2007; Calef et al. 2008; Nelson et al. 2008 ).
Sensitivity
The biological and social factors that contribute to the sensitivity of the climate-fire-human system in interior Alaska include geographic isolation, local attitudes, perceptions of fire and fire risk, and local economic conditions. A history of fire suppression in the immediate vicinity of both urban and rural communities increases vegetation flammability, and thus fire risk, in the near future. However, urban and rural communities (especially those not on the road system) are affected differently by distance and time for the arrival of suppression resources, and attitudes and perceptions about fire. Yet, sensitivities to wildfire are strong in both urban and rural communities.
Rural communities face added sensitivity to increased fire activity because of their remote location. Most rural communities in interior Alaska are situated along rivers, and have air access, but are not located on the road system. Summer fish camps and remote trapping cabins located 30-50 km from the village are especially sensitive Table 6 Summary of exposure, sensitivity and adaptive capacity to increased fire occurrence for urban (Fairbanks) and rural (Huslia) communities. -Cultural barriers. Weak communication, yet recognition that improvement is necessary.
Vertical arrows (↑/↓) denote increasing or decreasing trends, horizontal arrows (→) denote "results in", + denotes positive and -denotes negative exposure and sensitivity. The biophysical impacts of climate change are common to both urban and rural communities (centred in the row). Other features, such as reliance on wild foods, delayed suppression response, financial resources and institutional connections, vary between urban and rural communities.
to wildfire. Although professional and organized state and federal fire suppression forces do their best to dispatch resources to remote locations when fire threatens life and property, the off-road villages are more sensitive to the immediate effects of wildfire close to the village, simply because of the necessarily extended time in transporting fire crews to the scene. Consequently, they must rely on people in the village or camp for immediate fire suppression resources until professional crews arrive. Whereas some villages have heavy equipment available for use in fire suppression, residents may or may not have fire training, do not have protective clothing and may lack other necessary tools. As such, remote rural villages and summer fish camps have increased sensitivity to wildfire risk exposure because of the extended time required to dispatch formal suppression resources to protect life and property.
Public attitudes and perceptions of fire impact a community's sensitivity by affecting physical and psychological preparedness, and ability to respond. The extent to which the community at large and the fire managers are open to continued communication, including public response to wildfire education programmes and manager response to cross-cultural communication enhancement, will impact a community's adaptive capacity (see below).
The ambiguous attitudes towards fire that we observed in Huslia point to a need for continued and enhanced cross-cultural communication between local residents, and governments and fire managers. Individuals and families in rural communities are highly sensitive to income from EFF employment, as well as to fire impacts on private property, transportation and ecosystems. In Fairbanks, we observed the perception that the state and federal government should carry responsibility for wildfire protection of private homes, as well as the perception that individuals should take more responsibility and be more pro-active for fire safety on their property. Areas in which residents attribute fire safety responsibility to the government will be less prepared for, and thus more sensitive to, changes in fire regime.
Adaptive capacity
Adaptive capacity is the ability of a system to adjust, to moderate potential damage, to take advantage of opportunities and to cope with the consequences of climatic or other change. It is moderated by social and ecological diversity, response to temporal variability and change, the existence of legacies and proximity to social and ecological thresholds, and capacity for innovation and learning (Chapin et al. 2004) . In rural indigenous communities, additional factors such as traditional knowledge, flexibility and diversity in resource use, mobility, and strong social networks are important components of adaptive capacity (Ford, MacDonald et al. 2006) . These system features manifest at various scales from the individual, to the community, to the state, federal or international institutions. The ability of a community to adjust to changes in the fire regime will depend on communication with fire managers, access to accurate information, community leadership and available resources.
With the urban per capita money income and median household income being, respectively, twice and a third again that of the rural interior, urban communities have more financial resources overall to buffer the impacts of an intensifying fire regime. For example, in Fairbanks, during the extreme fire season of 2004, publicly available, indoor smoke-free areas were established in public buildings, with sufficient heating, ventilation and airconditioning systems to provide relief from hazardous air conditions caused by wildfire smoke to elderly people and other sensitive populations. People with sufficient financial resources in urban areas on the road system could likewise leave the unhealthy air in Fairbanks, and travel by car to coastal communities for relief and smoke-free air. In contrast, most rural communities have few if any facilities to establish safe zones from unhealthy air caused by wildfire smoke. Expensive air evacuation is a last resort for the elderly, those suffering from asthma and small children. In some cases, when air evacuation is requested, it cannot be accomplished because of the poor visibility from the smoke.
Organizational structure, institutional relationships and communication networks between communities and fire management agencies, all contribute to adaptive capacity. With centralized points of contact in regional government, state and federal fire managers have a more direct line of communication with the FNSB. Rural interior Alaska lacks a regional-scale governmental entity that parallels the FNSB government. Decentralized rural municipal and tribal governments must therefore communicate directly with state and federal agencies regarding fire management and planning, or through intermediary organizations. Although efforts are being made to overcome them, barriers in intercultural communication between fire managers and Alaska Native communities remain, hampering rural adaptive capacity. The 2006 Community Wildfire Protection Plan for the FNSB demonstrates the ability of fire managers and local government to work together and create solutions to respond to urban fire risk.
Communities, both urban and rural, and individuals that are proactive, and take responsibility for preventative measures, such as Firewise and hazard fuel reduction, will be less vulnerable. The factors that contribute to taking leadership in this realm are thus part of adaptive capacity. For example, after the record-breaking 2004 fire season, several rural communities requested Firewise presentations and projects (Alaska Wildland Fire Coordinating Group 2006). Adaptive capacity is a dynamic property that is linked to public perception. Strong communication between local government, the public and fire managers will enhance adaptive capacity.
Past public education campaigns have been effective in communicating a need for fire suppression and prevention, and in influencing attitudes and perceptions of fire (Pyne 1982) . As one fire manager explained, alluding to the well-known icon of the federal wildfire prevention advertisement campaign since the 1940s, "We've done a good job of 'Smokey Bear-ing' people" (B. Lambrecht, 17 February 2004) . However, by de-emphasizing the dangers of fuel build-up that accompany sustained suppression, they have also set a trajectory that may impede adaption to our changing fire regime.
Reducing vulnerability to a changing fire regime could be achieved in several ways. First, more extensive, systematic hazard fuel reduction programmes in select locations immediately surrounding urban and rural villages can decrease sensitivity to an intensifying fire regime. At the same time, wood harvested from these projects can be used as biofuel for renewable electricity and heat generation in rural communities. In rural communities, this reduction in biophysical risk can simultaneously assist in reducing social, cultural and economic vulnerability by increasing energy self-sufficiency, reducing fuel costs and creating local employment. Modelling indicates that for many communities there would be a strongly positive economic payback for installing woodfired systems (Fresco 2006) . Employing and training rural native youth for hazard fuel reduction projects may dove-tail with suicide prevention programmes, creating multiple benefits. Because these projects will necessarily engage state and/or federal land and fire managers in their planning and implementation, they will also enhance communication and organizational networks. Projects such as these would need to pay close attention to avoid overharvest, to ensure social equity in harvest practice and to dynamically consider potential shifts from conifer to deciduous forest as a result of climate change. In summary, implementing combined hazard fuel reduction/biofuel projects would increase diversity of heating and employment sources, build institutional networks between local communities and state and federal agencies, and address the multiple stressors of climate change and economic strain.
Second, enhanced communication between fire managers (federal and state) and local and tribal governments will make relevant decision makers at local and regional scales aware of the values, perceptions and constraints on local levels, and vice versa. In rural areas, continued and improving efforts at cross-cultural communication are important elements for improving flexibility and responsiveness to changing environmental conditions. These can be accomplished via in-house cultural sensitivity training, and by enhancing existing avenues for communication and opportunities for collaborative projects.
Third, in urban, suburban and exurban areas, such as the City of Fairbanks and the FNSB, exposure to increasing fire activity can be reduced by explicitly including fire risk and costs of fire suppression in local and regional planning, and encouraging homeowners to take more responsibility for fire safety on their properties. This will involve public education, building institutional capacity within local government, social consciousness about inherent fire risk and neighbourhood social networks. For example, local housing covenants, building requirements or insurance requirements could reduce exposure by requiring homeowners to implement Firewise standards on their properties (Division of Forestry 2008). Public education programmes can help build awareness that fire is an integral part of the Boreal forest ecosystem, an annual phenomenon that should be expected and for which the public should prepare. Furthermore, in addition to gearing up to withstand extreme cold, the building industry can help reduce sensitivity to fire by promoting fire-resistant materials such as cellulose fibre-cement house siding. In rural communities, improving facilities for waste disposal can reduce escaped dump fires and related toxic exposures.
Lessons can be drawn from Australia, where homeowners are encouraged to prepare extensively for wildfire, including collecting rain water, installing external sprinkler systems, assembling protective clothing and fire fighting tools, and removing hazard fuels. In the face of fire danger, homeowners decide for themselves whether to stay to protect their properties or to leave, eliminating mandatory evacuations. Strong nongovernmental support systems, including community communication networks, meetings and the organized collaborative fire guard, facilitate fire preparedness and protection. This Australian paradigm contrasts with the dominant actions and attitudes in America, and may serve as a useful model for learning and innovation in adaptation to an intensifying fire regime in Alaska, and throughout the American West (Druzin 2007; O'Donnell 2007) .
Similarly, with the sale of remote state parcels of land and as the Fairbanks region grows via the sale of borough and state land for development, government entities can evaluate how the revenue from land sales and taxes compares with the long-term cost of fire protection.
Public education on the risks of purchasing in low fire protection areas would also be advised. An individual's, household's or community's capacity to adapt to climatic stressors, such as increasing wildfire risk, is strongly influenced by economic, political and cultural dynamics on multiple scales (Leichenko & O'Brien 2002) . Subsets of the population experience varying vulnerability and adaptive capacity to climate and non-climate stressors (Adger & Kelly 1999; Schroter et al. 2005) . In many cases, vulnerability to climate and other environmental stressors (or hazards) is closely linked to the scale of analysis, and to additional community stresses on economic, health, nutritional, cultural and social conditions (O'Brien, Leichenko et al. 2004; O'Brien, Sygna et al. 2004) . For example, in rural Alaska issues of suicide, drug and alcohol addiction, out-migration, lack of education and pressures for assimilation often overshadow community awareness of fire prevention and adaptive capacity (Borowsky et al. 1999) .
Climate-induced change in fire regime is just one of many different stressors, both climate and non-climate related, facing urban and rural communities in interior Alaska. Other impacts from climate change, both urban and rural, include: permafrost thaw related to increased drainage and surface drying (this involves a positive feedback to increased fire risk from climate change; Jorgensen et al. 2001 ); damage to public and private infrastructure (Larsen et al. 2008 ); changes in seasonality (i.e., earlier spring thaw, later fall freeze), and impact on vegetation, availability of and access to subsistence game (Keyser et al. 2000) , and on rural transportation and safety; unpredictable weather patterns; changes in migration patterns of game and water fowl; and changes in tourism and growing seasons (Krupnik & Jolly 2002; Symon et al. 2005) . Especially for Alaska Natives in rural communities, additional, non-climatic stressors including high energy costs, other economic pressures, political change, challenges of cultural revitalization, environmental contamination, and compromised physical and mental health are also important features of this system that effect overall individual, household and community resilience (Huntington et al. 2006 ). Additional work is needed to understand the complex interactions and feedback between multiple climate and non-climate stressors in these communities.
The overall impact of climate change on Northern communities, indigenous and non-indigenous, is yet to be determined (Duerden 2004) . Although there are and will continue to be many adverse impacts, climate change will also bring a range of opportunities. However, the extent to which communities, and the region as a whole, can achieve a net gain as they adapt to both the detrimental and beneficial impacts of climate change will depend on: (1) the dissemination of accurate and usable information related to scenarios of projected climate impacts; (2) the ability of communities and leadership to comprehend and accept the reality of the projected change; (3) the constellation of social, economic and political capacity to take proactive, innovative action, and work against institutional inertia, which maintains the status quo; and (4) the development of social networks and safety nets.
What can this analysis tell us about potential vulnerabilities to wildfire in other circumpolar countries? We can anticipate similar biophysical changes in other Boreal forest areas (in Canada, Russia and Fennoscandia), in terms of increasing temperatures, drying fuels, increasing insect cycles, increasing fuel loads and permafrost thaw, creating general surface drying (Soja et al. 2007 ). Thus, biophysical exposure to wildfire can be expected to increase similarly throughout the circumpolar sub-Arctic. However, different populations will have varying degrees of sensitivity and adaptive capacity to this changing fire regime, depending on demographic, economic and cultural factors, and the institutional and policy structure of state-sponsored fire suppression (Ford et al. 2008) . International communication in the form of formal and informal information sharing and lobbying networks have been effective in organizing Arctic peoples to exert political pressure for the mitigation of climate change (Inuit Circumpolar Conference 2005; Watt-Cloutier et al. 2005) . People who live in the Boreal forest of the subArctic are also impacted by climate change, including increased vulnerability to wildfire. Similar circumpolar communication and coordination, which builds international networks, including adaptations to a changing fire regime, may increase local and regional adaptive capacity.
Conclusions
This paper explores the differences that exist in urban and rural vulnerability to climate-induced changes in the fire regime of interior Alaska. We made use of a variety of social science methods, including demographic analysis, semi-structured interviews, surveys, workshops and observations of public meetings. This work was part of an interdisciplinary study of feedback and interactions between climate, vegetation, fire and human components of the Boreal forest social-ecological system of interior Alaska.
Building on the framework of vulnerability and adaptation of the IPCC, this research shows the importance of considering multiple stressors as well as adaptation strategies that can reduce vulnerability on multiple fronts. Although some features are parallel between urban and rural communities, important differences exist in vulnerability to climate-induced changes to the fire regime. These differences are linked most closely to economic, social, political and cultural factors, which are not biophysical components of climate change per se.
Of note is that adaptive actions to climate change can occur inadvertently, with the reduction of vulnerability to climate change being an unintended consequence of changes in fire management and suppression strategy. These changes may be motivated by local or regional scale economic, logistical, political or social pressures, or by policy mandates at a national scale. This research highlights the importance of conducting vulnerability assessments with an interdisciplinary view of the coupled social-ecological system, and highlights the role of public perception and institutional connectivity in assessing variable vulnerabilities to climate change.
